Plastidic acetyl-coenzyme A (CoA) carboxylase (ACCase) catalyzes the first committed reaction of de novo fatty acid biosynthesis. This heteromeric enzyme is composed of one plastid-coded subunit (␤-carboxyltransferase) and three nuclear-coded subunits (biotin carboxy-carrier, biotin carboxylase, and ␣-carboxyltransferase). We report the primary structure of the Arabidopsis ␣-carboxyltransferase and ␤-carboxyltransferase subunits deduced from nucleotide sequences of the respective genes and/or cDNA. Co-immunoprecipitation experiments confirm that the ␣-carboxyltransferase and ␤-carboxyltransferase subunits are physically associated. The plant ␣-carboxyltransferases have gained a Cterminal domain relative to eubacteria, possibly via the evolutionary acquisition of a single exon. This C-terminal domain is divergent among plants and may have a structural function rather than being essential for catalysis. The four ACCase subunit mRNAs accumulate to the highest levels in tissues and cells that are actively synthesizing fatty acids, which are used either for membrane biogenesis in rapidly growing tissues or for oil accumulation in developing embryos. Development coordinately affects changes in the accumulation of the ACCase subunit mRNAs so that these four mRNAs maintain a constant molar stoichiometric ratio. These data indicate that the long-term, developmentally regulated expression of the heteromeric ACCase is in part controlled by a mechanism(s) that coordinately affects the steady-state concentrations of each subunit mRNA.
De novo fatty acid synthesis is a fundamental process required for the biogenesis of membrane and storage lipids. Using acetyl-coenzyme A (CoA) as the initial primer, this process occurs by the sequential condensation of twocarbon units, which are derived from malonyl-CoA. The generation of malonyl-CoA from acetyl-CoA is the first committed step in fatty acid biosynthesis. This reaction is catalyzed by the biotin-containing enzyme acetyl-CoA carboxylase (ACCase).
ACCase catalyzes a two-step reaction that requires a noncatalytic biotin-containing component and two catalytic functions, all three of which are recognizable as conserved structural domains. These domains are: biotin carboxylcarrier (BCC), biotin carboxylase (BCase), and carboxyltransferase (CTase). The biotin prosthetic group, which is covalently bound to the BCC subunit, is absolutely essential to the enzymatic function of ACCase as the intermediate carrier of the carboxyl group that carboxylates acetyl-CoA (Lane et al., 1974) . The two half-reactions that result in the carboxylation of acetyl-CoA are: (1) carboxylation of the biotin prosthetic group, which is catalyzed by the BCase domain, and (2) transfer of the carboxyl group from carboxy-biotin to acetyl-CoA to form malonyl-CoA, which is catalyzed by the CTase domain.
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Two physically distinct ACCases have been identified in plants: the heteromeric and homomeric forms (Li and Cronan, 1992d; Gornicki et al., 1993; Sasaki et al., 1993 Sasaki et al., , 1995 Alban et al., 1994; Konishi and Sasaki, 1994; Roesler et al., 1994; Schulte et al., 1994; Shorrosh et al., 1994 Shorrosh et al., , 1995 Shorrosh et al., , 1996 Choi et al., 1995; Yanai et al., 1995) . These two enzymes differ in the quaternary organization of their structural domains. In the heteromeric ACCase, the three domains occur on separate dissociable proteins, whereas in the homomeric ACCase these domains are sequentially ordered on a single polypeptide. Heteromeric ACCases also occur in most eubacteria (Guchhait et al., 1974; Hunaiti and Kolattukudy, 1982; Kondo et al., 1991; Cronan, 1992b, 1992c) , whereas homomeric ACCases occur in the cytosol of fungi (Walid et al., 1992; Hablacher et al., 1993) and animals (Lopez-Casillas et al., 1988; Takai et al., 1988) .
In contrast to other organisms, plants contain ACCases in two separate subcellular compartments, the plastids and the cytosol. In most plants (excluding Graminae), the het-eromeric ACCase is plastidic, whereas the homomeric ACCase is cytosolic (Kannangara and Stumpf, 1972; Li and Cronan, 1992a; Sasaki et al., 1993; Konishi and Sasaki, 1994; Alban et al., 1994; Choi et al., 1995; Shorrosh et al., 1995 Shorrosh et al., , 1996 Konishi et al., 1996) . Graminae do not contain the heteromeric ACCase, but contain homomeric isoforms in plastids and cytosol (Egli et al., 1993; Konishi et al., 1996; Gornicki et al., 1997) . Because membranes are impermeable to acyl-CoAs (Jacobson and Stumpf, 1972; Benjamin et al., 1983; Banhegyi et al., 1996) , these two ACCases generate physically isolated pools of malonyl-CoA. The plastidic malonyl-CoA pool is the precursor of de novo fatty acid biosynthesis, which produces 16 and 18 carbon fatty acids. The cytosolic malonyl-CoA pool is used for the elongation of these fatty acids to 20 carbons and longer. (In aerial portions of terrestrial plants these very-long-chain fatty acids are used for the biosynthesis of epicuticular waxes, and in seeds of some plants they are deposited in the seed oil.) In addition, cytosolic malonyl-CoA is utilized for the biosynthesis of flavonoids, stilbenoids, malonic acid, and malonyl derivatives (of d-amino acids, 1-aminocyclopropane carboxylic acid, etc.) (Conn, 1981; Nikolau et al., 1984) . Therefore, to accommodate the multiplicity of malonylCoA-requiring processes and to regulate the supply of malonyl-CoA for these biosynthetic processes, plants have compartmentalized the generation of this intermediate at the cellular and subcellular level.
The plastidic heteromeric ACCase consists of four subunits: BCC, BCase, ␣-CT, and ␤-CT. To date, genes for two of these subunits have been characterized from Arabidopsis, the CAC1 gene, which codes for BCC (Choi et al., 1995; , and the CAC2 gene, which codes for BCase (Bao et al., 1997; Sun et al., 1997) . In this report, we describe the isolation and characterization of the CAC3 gene (GenBank accession no. AF056970), which codes for ␣-CT, and the plastidic accD gene (GenBank accession no. AF056971), which codes for ␤-CT. To approach the regulation of ACCase gene expression, we determined the spatial and temporal pattern of CAC1, CAC2, CAC3, and accD mRNA accumulation during Arabidopsis silique development. These studies indicate that the ACCase subunit mRNAs accumulate to highest levels in cells and tissues undergoing rapid growth and/or seed oil biogenesis. Furthermore, these studies establish that the subunit mRNAs accumulate at a constant molar stoichiometric ratio, which implies that the three nuclear and one plastidic ACCase gene must communicate in order to establish coordinate expression.
MATERIALS AND METHODS

Plant Materials
Arabidopsis Heynh (ecotype Columbia) seeds were germinated in sterile soil, and plants were grown under continuous light as described previously . The first three leaves of 17-d-old seedlings, flower buds, and open flowers were harvested and frozen in liquid N 2 for RNA isolation or processed for in situ hybridization. Developing siliques were staged relative to the day of flowering (DAF). After the first two flowers had opened, subsequent flowers were tagged with colored threads at the time of flowering. Siliques were collected each day between 1 and 15 DAF, and were either frozen in liquid N 2 for RNA isolation or processed for in situ hybridization.
Isolation of cDNA and Genomic Clones
The following materials were obtained from the Arabidopsis Biological Resource Center (Ohio State University, Columbus): (a) two Arabidopsis genomic libraries, one from the ecotype Landsberg erecta (Voytas et al., 1990) cloned in the vector FIX, and the other from the ecotype Wassilewskija cloned in the cosmid vector pOCA18 (Olszewski et al., 1988) ; (b) a 3-to 6-kb size-selected cDNA library in the vector ZAP II prepared from polyadenylated RNA isolated from 3-d-old Arabidopsis (ecotype Columbia) seedling hypocotyls (Kieber et al., 1993) ; and (c) the expressed sequence tag cDNA clone GBGe16 (R. Mache, F. Quigley, F. Thomas, and D. Yu, unpublished data).
Hybridization screening of bacteriophage and cosmid libraries was performed according to standard methods (Sambrook et al., 1989) . Clones that hybridized to 32 Plabeled probes were plaque or colony purified. DNA restriction fragments that hybridized to the probes were isolated and subcloned into pBluescript SK for sequencing.
DNA sequencing was performed at the Iowa State University Nucleic Acids Facility with automated sequencing equipment from Applied Biosystems (Foster City, CA). Both strands of all DNA fragments were sequenced twice. DNA primers used for sequencing were synthesized at the Iowa State University Nucleic Acids Facility. Computerbased analysis of gene promoter sequences used the PLACE database (Higo et al., 1998) .
Expression of Recombinant Proteins in Escherichia coli
Recombinant CAC3-and accD-coded proteins (␣-CT and ␤-CT, respectively) were produced in E. coli using the pET30 expression vectors. This resulted in the production of chimeric recombinant polypeptides that contained a short N-terminal "tag," which consists of a polyhistidyl sequence (Van Dyke et al., 1992) , the S⅐Tag-peptide (Kim and Raines, 1993) , and two protease cleavage sites (His⅐Tag-thrombin cleavage site-S⅐Tag-enterokinase cleavage site).
For CAC3, the NcoI-NotI fragment encompassing nucleotides 443 to 2,853 of the CAC3 cDNA (GenBank accession no. AF056969), which codes for the predicted mature polypeptide (from the 67th residue) was isolated. The NcoI overhang was filled-in with Klenow, and the DNA fragment was cloned in-frame with the N-terminal "tags" of the pET-30c expression vector at the unique EcoRV/NotI sites; the resulting plasmid was called pET-CAC3.
To express accD, the clone was subjected to PCR-based, site-directed mutagenesis to create a unique NcoI site at the translational start site. This was achieved with the primer 5Ј-GGCCAGAAGCTCCATGGAAAAA-3Ј, which is complementary to the sequence around the translation start codon, ATG, but contains an NcoI site (underlined). From the resulting mutagenized plasmid, the 1.67-kb NcoI-SacI accD-containing fragment was cloned in the appropriate sites of pET30a (the SacI site is vector-derived). The resulting plasmid was called pET-accD. The pET-derived recombinant plasmids were introduced into the E. coli strain BL21(DE3), and protein production was induced with isopropylthio-␤-galactoside. Proteins were extracted from the cell pellets, fractionated into soluble and insoluble fractions, and the expressed proteins were purified by affinity chromatography with a His⅐Bind column, as described by the manufacturer (Novagen, Madison, WI). Recombinant expressed proteins were detected by SDS-PAGE and western analysis using S-protein alkaline phosphatase conjugate to identify the S⅐Tag.
Immunological Methods
Antibodies were generated in New Zealand White female rabbits by injecting with purified recombinant ␣-CT and ␤-CT proteins. Approximately 1 mg of purified protein was emulsified with Freund's complete adjuvant and injected intradermally at multiple sites on the backs of the rabbits. A month after the initial injection and at 2-week intervals thereafter, the rabbits were challenged each time with muscular injections of 0.5 mg of protein emulsified in Freund's incomplete adjuvant. One week after each of these latter injections, 2 to 3 mL of blood was withdrawn from the ear of each rabbit. The blood was allowed to coagulate, and the serum was collected after centrifugation at 4,000g for 10 min. The serum was stored in small aliquots at Ϫ20°C.
Immunological detection of proteins was carried out following SDS-PAGE (Laemmli, 1970) . Proteins were electrophoretically transferred to a nitrocellulose membrane (Kyhse-Andersen, 1984) and detected using antisera and 125 I-protein A.
For immunoinhibition studies, Arabidopsis leaf extracts were incubated on ice for 1 h with increasing amounts of either the anti-serum or preimmune serum. Equal aliquots of a suspension of Protein A-agarose were added to each reaction tube and the resulting mixtures were further incubated on ice for 1 h. Following centrifugation at 10,000g for 1 min, a sample of each supernatant was assayed for residual ACCase activity (Choi et al., 1995) .
RNA Analysis
RNA was extracted from Arabidopsis leaves, buds, flowers, and siliques as described previously (Weaver et al., 1995) . Non-radioactive sense RNA concentration standards of CAC1, CAC2, CAC3, and accD RNAs were obtained by in vitro transcription from the respective pBSK full-length cDNA clones. The RNA concentrations were determined from A 280 and A 260 and by comparison against standards of known concentration following ethidium bromide staining of gels.
Ten micrograms of RNA isolated from each Arabidopsis tissue sample, and a range (0.01-10 pg) of CAC1, CAC2, CAC3, and accD RNA standards were fractionated by electrophoresis in formaldehyde-containing agarose gels . After transfer of the RNA to nylon membranes (Magna Lift, MSI, Westbourough, MA), hybridizations were conducted in a buffer containing 50% (v/v) formamide at 65°C for 12 to 16 h using 32 P-labeled probes. 32 P-Labeled antisense RNA probes were transcribed from vectors containing the following inserts: the 730 nucleotides at the 3Ј end of the CAC1 cDNA (Choi et al., 1995; ; the 195 nucleotides at the 5Ј end of CAC2 cDNA (Sun et al., 1997) ; the CAC3 (GBGe16) cDNA; and the 1 kb at the 3Ј end of the accD genomic clone. Hybridized membranes were rinsed twice with 2ϫ SSC, 2% (w/v) SDS for 10 min each time at room temperature, and then washed twice with 0.1ϫ SSC, 0.1% (w/v) SDS for 20 min each time at 65°C. The membranes were exposed to a phosphor screen (Molecular Dynamics, Sunnyvale, CA) for 4 h, and the radioactivity in each band was quantified with a phosphor imager (Storm 840, Molecular Dynamics). The amount of each mRNA in each tissue sample was quantified by comparing the intensities of the mRNA bands with those of the RNA concentration standards.
In Situ Hybridization
Arabidopsis siliques were harvested daily between 1 and 15 DAF. Siliques were cut into 3-to 4-mm-long pieces, fixed, and sectioned as previously described (Wang et al., 1995a; .
35 S-Labeled antisense and sense RNA probes were transcribed from vectors containing the following inserts: the 730 nucleotides at the 3Ј end of the CAC1 cDNA (Choi et al., 1995; ; the 195 nucleotides at the 5Ј end of CAC2 cDNA (Sun et al., 1997) ; the CAC3 (GBGe16) cDNA; and the 1 kb at the 3Ј end of the accD genomic clone. After hybridization and washing, the tissue sections were coated with Kodak NTB2 emulsion (Eastman-Kodak, Rochester, NY), exposed for 2 to 4 d, and developed. Slides were stained with toluidine blue to detect cellular structure. Photographs were taken with a microscope (Orthopha, Leitz, Wetzlar, Germany) using bright-field optics. In situ hybridizations were repeated three times (using 20-30 silique sections each time). Two sets of plant materials that had been independently processed were used, all with similar results. Control slides containing sections of the same siliques were routinely hybridized with the four sense RNA probes simultaneously with the antisense RNA hybridizations. Virtually no signal was detected in the control slides. Although in situ hybridizations were carried out using material collected every DAF through d 15, for space considerations, data presented in figures are from alternate days only.
RESULTS
The ␣-CT Subunits of Plant Heteromeric ACCase Contain a Divergent C-Terminal Extension Relative to the Eubacterial ␣-CT Subunits
The 300-nucleotide sequence at the 5Ј end of the Arabidopsis expressed sequence tag cDNA clone GBGe16 shows significant sequence similarity to the E. coli accA gene that codes for the ␣-CT subunit. Because GBGe16 is a partial cDNA, it was used as a probe to screen an Arabidopsis cDNA library (Kieber et al., 1993) . This resulted in the isolation of 10 hybridizing clones. The largest of these, pCAC3, is 2,852 nucleotides in length and is a full-length copy of the CAC3 mRNA. Beginning at nucleotide 248 of the pCAC3 sequence is a 2,310-nucleotide open reading frame (ORF) that codes for a polypeptide of 769 amino acids with a calculated molecular mass of 85,305 D. This ORF is followed by a 295-nucleotide 3Ј-untranslated region. Comparison of the deduced amino acid sequence of the CAC3 ORF with previously published sequences indicated that the CAC3 protein shares highest sequence similarity with the ␣-CT subunit of the heteromeric ACCase of E. coli (Li and Cronan, 1992a) , pea (Shorrosh et al., 1996) , cyanobacterium (Gornicki et al., 1993) , and soybean (Reverdatto et al., 1999) (Fig. 1) .
Sequence similarities indicate that pCAC3 codes for the ␣-CT subunit of the heteromeric ACCase of Arabidopsis. However, because several biotin enzymes are present in plants (Wurtele and Nikolau, 1990; Guan et al., 1999) , and the sequences of their carboxyltransferase subunits are unknown, the enzymatic function of the CAC3-encoded protein had to be determined. Therefore, we conducted immunoprecipitation assays to confirm that CAC3 codes for the ␣-CT subunit of the heteromeric ACCase. Antiserum directed against the E. coli-expressed CAC3 protein reacts with a single 85-kD polypeptide in Arabidopsis leaf extracts ( Fig. 2A) . The M r of this polypeptide is very close to that predicted from the CAC3 sequence. Arabidopsis leaf extracts were incubated with increasing amounts of either the anti-CAC3 serum or preimmune serum, and then with protein A-agarose. Following centrifugation to remove antigen-antibody complexes, samples of the supernatants were assayed for residual ACCase activity. While up to 5 L of preimmune serum had no effect on ACCase activity, 2 L of anti-CAC3 serum was sufficient to remove 50% of the activity, and 5 L of anti-CAC3 serum removed 65% of the ACCase activity (Fig. 2B) . The remaining ACCase activity was resistant to immunoprecipitation, presumably due to the activity of the cytosolic ACCase isozyme, which is immunologically distinct from the heteromeric ACCase. These data demonstrate that CAC3 encodes the ␣-CT subunit of the heteromeric ACCase of Arabidopsis.
The ␣-CT protein contains an N-terminal extension of 87 amino acids, relative to the E. coli and Synechocystis accA sequences (Fig. 1) . As expected, this extension has characteristics of a plastidic stromal-targeting transit peptide: it is rich in hydroxylated residues (Ser and Thr) and in small hydrophobic residues (Ala), but lacks acidic residues and thus has an overall positive charge (Keegstra et al., 1989) . The PSORT algorithm (Nakai and Horton, 1999) predicts that ␣-CT is a chloroplast stromal protein.
Comparison of the Arabidopsis, pea, soybean, Synechocystis, and E. coli ␣-CT sequences indicates that the mature eukaryotic proteins can be divided into two domains, which are distinguished by their degree of sequence conservation. The N-terminal domain (residues 94-426 of the Arabidopsis ␣-CT) is highly conserved and matches the sequence of the eubacterial ␣-CT proteins.
In contrast, the C-terminal domain (residues 426-769 of the CAC3-coded ␣-CT) is less conserved among the plant proteins and is absent from the eubacterial ␣-CT proteins.
The first 250 residues of this C-terminal domain (residues 426-680 in Arabidopsis) have very similar hydrophobicity profiles despite substantial sequence divergence. The remainder of these proteins (from residue 681 of Arabidopsis) are extremely divergent with regard to both length (Arabidopsis ϭ 89 residues; pea ϭ 160 residues; soybean ϭ 40 residues) and sequence. A common theme throughout these C-terminal domains is the occurrence of nested repetitive sequences, although the specific sequences and relative positions of these repetitions are not conserved among the plant ␣-CTs. The largest of these repetitive sequences occurs in the pea ␣-CT, and the duplication partially overlaps itself (residues 453-489 are duplicated at positions 481-517, with 83% conservation between the duplications). This repeat is flanked by a second duplication (residues 438-458 are duplicated at positions 521-541, with 81% conservation). A shorter repeat motif that occurs in the C-terminal domain of all three plant ␣-CTs has the se-
, where "hyph" stands for any hydrophobic residue. This sequence occurs four, three, and six times in the Arabidopsis, soybean, and pea sequences, respectively. Imperfectly repeated motifs rich in E, L, and K residues are present seven, six, and 13 times in the Arabidopsis, soybean, and pea sequences, respectively.
The relative lack of sequence conservation among the plant-specific C-terminal domains, and its absence from the eubacterial ␣-CTs, indicates that this domain may not be required for catalysis, but, rather, may have some as-yetunknown structural function. Consistent with this hypothesis is the finding that despite the reduced sequence identity between the plant C-terminal domains, they are predicted to share common secondary structural features, i.e. similar hydrophobicity profiles, an overabundance of charged residues (and thus high hydrophilicity), and nested repetitive sequences. An additional feature consistent with these domains having a structural role is that they are predicted by the PROTEINPREDICT algorithm (Rost and Sander, 1993) to be rich in ␣-helices and not be in a globular configuration. Finally, this plant-specific C-terminal domain shares sequence similarity with myosin and other structural proteins.
␣-CT and ␤-CT Subunits Are Physically Associated
The heteromeric ACCase of E. coli readily dissociates into three components: BCC, BCase, and CTase. The CTase component is a heteromeric tetramer with an ␣ 4 ␤ 4 quaternary structure (Guchhait et al., 1974; Li and Cronan, 1992a) . The quaternary organization of the plant heteromeric ACCase is still unresolved; however, the pea enzyme appears to dissociate into at least two components, one containing the BCC and BCase subunits and the second containing the ␣-CT and ␤-CT subunits (Sasaki et al., 1993; Alban et al., 1994; Choi et al., 1995; Shorrosh et al., 1995 Shorrosh et al., , 1996 . To ascertain whether the ␣-CT subunit is associated with other subunits of the heteromeric ACCase of Arabidopsis, crude extracts and immunoprecipitates (obtained as described for Fig. 2B ) were analyzed by western blotting using antisera against each of the heteromeric ACCase polypeptides (Fig. 3) . The ␣-CT and ␤-CT subunits, but not the BCC or BCase subunits, were co-immunoprecipitated by the anti-␣-CT serum. These data indicate that the ␣-CT and ␤-CT subunits are in a more tightly associated complex with each other than with the BCC and BCase subunits, which is consistent with the previous characterizations of the pea and E. coli heteromeric ACCase.
␣-CT Subunit Is a Stromal Protein Whose Localization Is Unaffected by Illumination
The ␣-CT subunit of pea heteromeric ACCase was originally identified as a chloroplast inner envelope protein of unknown function (Hirsch and Soll, 1995) . Consistent with this, fractionation of pea leaf extracts indicated that the ␣-CT subunit is primarily (about 90%) associated with cellular membranes (Shorrosh et al., 1996) . It is not clear how to reconcile findings that ␣-CT subunit is located in the inner plastid membrane (Shorrosh et al., 1996) , whereas ACCase activity, BCase, and BCC are soluble (Sasaki et al., 1993; Alban et al., 1994; Shorrosh et al., 1995; . Because the ␣-CT and ␤-CT subunits are in a complex (see Fig. 3 ), it is possible that this CTase complex is membrane associated under some conditions in the plant, while the BCC and BCase subunits remain soluble.
We determined directly whether the ␣-CT subunit of Arabidopsis is a membrane-bound polypeptide. In addition, because of indications that light affects the activity of ACCase (Sauer and Heise, 1984; Sasaki et al., 1997; Hunter and Ohlrogge, 1998; Kozaki and Sasaki, 1999) , we surmised that light might effect a possible association of the ␣-CT subunit with membranes. Therefore, we examined the location of the ␣-CT subunit in illuminated and in darktreated plants. Extracts were prepared from leaves of Arabidopsis plants that had either been grown under continuous illumination for 11 d or under continuous illumination for 10 d and then transferred to darkness for 24 h. These extracts were fractionated by centrifugation at 100,000g for 1 h, and the supernatant and pellet (50 g of protein each) were subjected to SDS-PAGE and westernblot analysis with anti-␣-CT serum. Virtually all of the ␣-CT subunit protein was recovered in the soluble fraction, regardless of the illumination status of the plants from which the extract was prepared (Fig. 4) . These data indicate that the ␣-CT subunit of Arabidopsis is a soluble, stromal protein and its solubility is unaffected by illumination.
Characterization of the CAC3 Gene
Approximately 40,000 recombinant bacteriophage from an Arabidopsis genomic library (Voytas et al., 1990) were screened by hybridization with the pGBGe16 cDNA. Five of 11 hybridizing clones were plaque purified and further analyzed. Restriction digests and Southern-blot hybridization analyses using 5Ј-and 3Ј-end-specific probes from the CAC3 cDNA revealed that these five clones contained overlapping segments of the Arabidopsis genome, and that two of these clones contained both ends of the CAC3 gene; inserts from these phage were subcloned into pBluescript SK and sequenced.
In total, more than 6-kb of a contiguous stretch of Arabidopsis genome was sequenced. Comparison of this sequence to the CAC3 cDNA sequence identified the struc- Physical association between the ␣-CT and ␤-CT subunits of the heteromeric ACCase. Preimmune or anti-CAC3 serum was incubated with Arabidopsis leaf extracts. Antibody-antigen complexes were bound to protein A-agarose and collected by centrifugation. The resulting pellets were boiled in the presence of 2% (w/v) SDS and, following centrifugation, aliquots of the supernatants were subjected to western-blot analyses. These blots were sequentially probed with anti-BCC, anti-BCase, anti-␣-CT, and anti-␤-CT sera. The positions of the BCC, BCase, ␣-CT, and ␤-CT polypeptides are indicated by asterisks (*).
ture of the CAC3 gene (Fig. 5A) . The CAC3 gene is interrupted by 11 introns that range from 73 to 203 nucleotides in length. The nucleotide sequences at the intronexon-intron junctions follow characteristic patterns observed in other plant genes (Brown, 1989; Ghislain et al., 1994) . The exception to this rule is the 3Ј-end of intron 3, which has the sequence 5Ј-TCC2G.
Interestingly, the first and last introns of the CAC3 gene are positioned within the 5Ј-and 3Ј-untranslated regions of the gene; this is a rather rare occurrence and its significance is still unknown. The portions of the Arabidopsis ␣-CT protein that are missing from the eubacterial ␣-CT proteins are coded by exon 2 and exon 11 of the CAC3 gene.
Exon 2 codes for the plastidic transit peptide, and would be expected to have been acquired after the event that led to endosymbiotic acquisition and refinement of the plastid. Also intriguing is the indication that the entire C-terminal domain of the plant ␣-CT subunit, which is absent from eubacterial ␣-CT proteins, appears to have been due to a post-endosymbiotic acquisition of a single exon (exon 11).
Southern-blot analysis of Arabidopsis genomic DNA shows single hybridizing bands of the size predicted from the CAC3 sequence for BamHI, EcoRI, SalI, and XhoI digests (Fig. 5B) . Furthermore, EcoRV digestion generates two hybridizing bands of different intensities, which is consistent with the CAC3 gene sequence, which contains a unique EcoRV site near the 3Ј-end of the gene. These data indicate that the CAC3 gene occurs only once in the Arabidopsis genome.
Isolation of the accD Gene Coding for the ␤-CT
Subunit of the Arabidopsis Heteromeric ACCase
To isolate the Arabidopsis plastid-encoded accD gene, a cosmid Arabidopsis library (Olszewski et al., 1988) was screened by hybridization with an accD-containing DNA fragment from tobacco (the 780-bp XmnI-BamHI DNA fragment from position 59, 876-60, 655 of the tobacco chloroplast genome). This resulted in the isolation of a single hybridizing clone, from which a 2.95-kb HindIII-KpnI accDhybridizing fragment was sequenced. This fragment contains an incomplete 98-bp ORF at its HindIII-end, identical to the C-terminal 32 residues of rbcL (Ohyama et al., 1986; Shinozaki et al., 1986) , followed by an ORF of 1,464 bp. The amino acid sequence of this 1,464-bp ORF shares 37% identity with E. coli accD polypeptide, and 48%, 67%, and 91% identity with the pea, tobacco, and rape accD polypeptides, respectively (Wen, 1997). These results indicate that this 2.95-kb fragment is from the Arabidopsis plastid genome and includes the accD gene. Antiserum made to the expressed protein coded by accD reacts with a single 55-kD polypeptide in a leaf extract from Arabidopsis, and this antiserum specifically inhibits ACCase activity, directly confirming that the gene encodes the ␤-CT subunit of the heteromeric ACCase (Wen, 1997).
Coordinate Accumulation of the CAC1, CAC2, CAC3, and accD mRNAs
As a first step in elucidating the mechanisms that regulate the heteromeric ACCase in Arabidopsis, we investigated the temporal changes in the accumulation of the four ACCase subunit mRNAs (CAC1, CAC2, CAC3, and accD) during silique development and compared this pattern with the accumulation of these mRNAs in young, expanding leaves. For each mRNA, we compared the intensity of each northern-blot hybridization band with hybridization intensities obtained from serial dilutions of in vitro-generated RNA standards of known concentrations. By including such standards, we were able to ab- (1,980-3,159); and E12 (3,244-3,494) . Non-exonic sequences are represented by solid lines. B, Arabidopsis DNA was digested with the indicated restriction endonucleases and subjected to Southern-blot analysis. The blot was probed with 32 P-labeled CAC3 cDNA.
solutely quantify the accumulation of each ACCase subunit mRNA. Hybridization of northern blots with the CAC1, CAC2, and CAC3 antisense RNAs revealed the accumulation of each of the corresponding mRNAs (Fig. 6A) . The sizes of these mRNAs (1.1, 2.0, and 2.8 kb, respectively) are consistent with previous characterizations (Choi et al., 1995; Bao et al., 1997; Sun et al., 1997) and the size of the full-length CAC3 cDNA. Hybridizations with the accD probe revealed two mRNAs, accD-A (2.3 kb) and accD-B (1.5 kb). This was not an unexpected finding, as multiple accD mRNAs had previously been detected in pea and Arabidopsis leaves (Woodbury et al., 1988; Meurer et al., 1996) and rape seed embryos (Elborough et al., 1996) . Both the accD-A andaccD-B mRNAs are sufficiently large to encode the ␤-CT subunit. The significance of multiple accD transcripts in the regulation of ACCase expression is not clear, but both the accD-A and accD-B mRNAs accumulate with a similar pattern.
During silique development, there are two maxima in the accumulation of the ACCase subunit mRNAs (Fig. 6, A  and B) . The first occurs at 2 DAF, when siliques are most rapidly expanding, and the second at 7 DAF, a time of near-maximal oil accumulation in the embryos. Subsequently, as siliques mature (9-12 DAF), the accumulation of these mRNAs declines to about 5% of peak levels. These modulations in steady-state levels appear to occur coordinately for all five ACCase mRNAs.
This coordination is even more evident from analysis of the data, as shown in Figure 6C . For each sample point Figure 6 . Coordinate temporal changes in accumulation of mRNAs coding the heteromeric ACCase subunits. A, RNA blots were hybridized with CAC1-, CAC2-, CAC3-, and accD-specific 32 P-labeled antisense RNA probes. RNA was isolated from young expanding leaves (L), flower buds (B), flowers (F), and developing siliques at the indicated DAF. B, The concentration of the CAC1, CAC2, CAC3, and accD mRNAs was determined by comparing the intensity of hybridization of each mRNA to the hybridization intensity obtained with RNA concentration standards, as described in "Materials and Methods." The average values from three independent determinations are shown. The SD for each determination ranged between 10% and 15% of the indicated values. CAC1 (red), CAC2 (green), CAC3 (yellow), accD-A (blue), or accD-B (purple) mRNAs. C, For each of the tissues analyzed in A and B, the concentrations of the CAC1 (red), CAC3 (yellow), accD-A (blue), or accD-B (purple) mRNAs are plotted against the concentration of the CAC2 mRNA. Linear regression analyses indicate that there is a linear relationship between the concentrations of each of these mRNAs with correlation coefficients of greater than 0.85.
shown in Figure 6B , the concentrations of the CAC1, CAC3, accD-A, and accD-B mRNAs are plotted against the concentration of the CAC2 mRNA (Fig. 6C) . These plots reveal the linear relationship between the concentration of the CAC1, CAC3, accD-A, or accD-B mRNAs, and the concentration of the CAC2 mRNA, indicating that the ACCase subunit mRNAs accumulate at a constant molar ratio. The molar ratio between these mRNAs was calculated to be CAC1: CAC2:CAC3:accD-A:accD-B ϭ 0.14:1.0:0.17:0.04:0.02. This ratio is also maintained in organs other than developing siliques, namely, expanding leaves, flower buds, and flowers.
In addition, we used the quantitative data in Figure 6 to calculate the absolute abundance of each of the ACCase mRNAs. These range from 0.5 to 170 fmol/mg total RNA. Presuming that an average RNA is 2,000 bases, 10 fmol/mg of total RNA is equivalent to 0.00066 mol % of total RNA. (If 1% of the total RNA is mRNA, this figure translates to 0.066 mol % of cellular mRNA. At its highest levels, the CAC2 mRNA accumulates at up to 1 mol % of mRNA.)
Silique Development Induces Coordinate Changes in the Spatial and Temporal Patterns of CAC1, CAC2, CAC3, and accD mRNA Accumulation
To obtain more detailed insights into the regulation of ACCase expression, we investigated the spatial distribution of the CAC1, CAC2, CAC3, and accD mRNAs in developing siliques by in situ hybridization (Fig. 7) . These analyses indicated that silique development induced both quantitative and qualitative changes in the accumulation of the ACCase subunit mRNAs. Most dramatically, development coordinately affected changes in the spatial distribution of all of these ACCase mRNAs.
In very young siliques (1 DAF; Fig. 7 , A-D), which are rapidly expanding, all four of the ACCase mRNAs are evenly distributed among the silique tissues, including the cells of the silique walls, central septum, and developing ovules (integuments and endosperm). In 3 DAF siliques (Fig. 7, E-H) , which are almost fully expanded, the accumulation of ACCase mRNAs is reduced in the silique walls, integuments of the ovules, and the central septum compared with 1 DAF siliques. In these 3 DAF siliques, the embryo within the ovule has grown to the globular stage of development and is of sufficient size that it is readily apparent; the accumulation of the ACCase mRNAs is concentrated within these embryos. By 5 DAF, the embryos have developed to the heart stage and are beginning to accumulate oil; the ACCase mRNAs are highly concentrated within these embryos (Fig. 7, I-L) . In the other silique tissues (silique walls, integuments of the ovules, and the central septum), the accumulation of the ACCase mRNAs is barely above background. From 7 DAF and later, ACCase mRNAs are not detectable in the nonembryo tissues of the siliques, and the entire hybridization signal for each mRNA is concentrated solely within the embryo (Fig. 7, M-P) . Maximal accumulation of the ACCase mRNAs within the developing embryo occurs at the torpedo stage of development (i.e. in siliques at 7 DAF). At this stage, the rate of oil accumulation in the embryos is maximal. Subsequently, as the siliques mature, the embryos within develop to the walking stick stage by 9 DAF (Fig. 7 , Q-T) and to maturity by 12 DAF (Fig. 7, U-Y) , just prior to the initiation of desiccation. During these later stages of development, the accumulation of all of the ACCase mRNAs declines in the embryo.
DISCUSSION
In plants, de novo fatty acid biosynthesis from acetylCoA occurs solely in plastids. Although many studies have attempted to ascertain whether ACCase has a major role in controlling plant fatty acid biosynthesis, it is not yet clear how this process is regulated. This is in part due to the fact that plants contain two ACCases that are differentially compartmentalized at the subcellular level. Furthermore, at least in non-Graminae species, these two ACCase isozymes are structurally distinct and the plastidic isozyme is heteromeric, unstable, and dissociates during isolation (e.g. Sasaki et al., 1993; Alban et al., 1995; Shorrosh et al., 1996) . These complicating characteristics, which have become apparent only in the last 6 years, have precluded the direct demonstration that ACCase regulates fatty acid biosynthesis in plants.
To address the questions of whether and how ACCase may regulate de novo fatty acid biosynthesis, we have focused on the characterization of the heteromeric ACCase of Arabidopsis. We report the isolation of the CAC3 and accD genes and the CAC3 cDNA. In combination with previous characterizations of the CAC1 (Choi et al., 1995; and CAC2 (Bao et al., 1997; Sun et al., 1997) genes, this work completes the isolation of all four genes that code for the heteromeric ACCase of Arabidopsis. This body of work shows that in Arabidopsis, each of the four ACCase subunits is probably encoded by single-copy genes, three of which are nuclear and one of which is plastidic. This simplified genetic organization compared with other plant species (Shorrosh et al., 1995; Elborough et al., 1996; Reverdatto et al., 1999) should facilitate the molecular dissection of the mechanism by which ACCase is regulated.
Investigations to date indicate that ACCase regulation is complex (Post-Beittenmiller et al., 1991 Shintani and Ohlrogge, 1995; Roesler et al., 1997; Roughan, 1997; Sun et al., 1997; Caffrey et al., 1998) and may encompass many different levels of control. Potential post-translational regulatory mechanisms that affect ACCase activity on a short time frame include the biotinylation of the BCC subunit (as is the case for the biotincontaining subunit of 3-methylcrotonyl-CoA carboxylase; Wang et al., 1995b) ; the targeting, import, and assembly of the three nuclear encoded subunits (BCC, BCase, and ␣-CT) with the plastid encoded subunit (␤-CT); phosphorylation (Savage and Ohlrogge, 1999) ; and the biochemical modulation of enzymatic activity (Eastwell and Stumpf, 1983; Sasaki et al., 1997; Hunter and Ohlrogge, 1998; Kozaki and Sasaki, 1999) .
In contrast, developmentally induced modulations of ACCase occur in a longer time frame and are likely to be the consequence of the regulation of pre-translational processes. During seed maturation, fatty acids are rapidly biosynthesized and deposited as seed oils. To gain insight into how ACCase expression is regulated during this development, we examined the temporal and spatial patterns of ACCase mRNA accumulation in developing siliques.
These data indicate that the CAC1, CAC2, CAC3, and accD mRNAs accumulate to maximal levels in cells just prior to or at the stage when they would be expected to be actively synthesizing fatty acids. Furthermore, the accumulation of these mRNAs declines when fatty acid biosynthesis would be expected to be decreasing. Specifically, siliques undergo rapid growth and expansion early in their development, between 1 and 2 DAF (Bowman, 1994). Dur- ing this time, the cells of the silique walls, central septum, and integuments would be expected to be synthesizing fatty acids, which would be used for the deposition of membranes to support the growth of the silique. Thus, the finding that the maximal accumulation of the ACCase mRNAs in the non-embryonic cells of the silique occurs at 1 DAF is consistent with the expected demand of malonylCoA generation needed for membrane lipid biogenesis by these cells.
By 3 DAF, when the growth of the silique and associated membrane deposition decrease, the accumulation of the ACCase mRNAs declines in the non-embryonic cells of the siliques. In contrast, between 3 and 9 DAF, the embryos within the developing seeds undergo transition from globular embryos of several hundred cells to mature embryos containing thousands of cells. Juxtaposed on this embryonic growth is the accumulation of oil, which occurs at maximal rates at between 5 and 8 DAF Briarty, 1991, 1992; Bowman, 1994) . By maturity, about 30% of the fresh weight of the seed is oil (H.R. Qian, E. Wurtele, and B. Nikolau, unpublished data). Consistent with the expected demand for malonyl-CoA generation in the embryos, the accumulation of the ACCase mRNAs in the embryos is substantial between 3 and 5 DAF and peaks by 7 DAF. Subsequently, as the rate of oil deposition declines, the accumulation of these mRNAs decreases. Thus, the highest accumulation of the ACCase mRNAs occurs in cells undergoing rapid cell division and growth and/or accumulating large quantities of oil.
The spatial and temporal pattern of accumulation of the ACCase mRNAs contrasts with patterns of mRNAs coding for enzymes not related to fatty acid biosynthesis. These include mRNAs coding for seed storage proteins (Raynal et al., 1999) , and the metabolic enzymes methylcrotonyl-CoA carboxylase (J. Ke, B. Nikolau, and E. Wurtele, unpublished data), acetyl-CoA synthetase, homomeric acetyl-CoA carboxylase, ATP-citrate lyase, and biotin synthase (Ke, 1997). However, the accumulation pattern of ACCase mRNAs is nearly identical to that of plastidic pyruvate dehydrogenase, which is consistent with a role of this enzyme in generating acetyl-CoA for fatty acid biosynthesis in seeds Wurtele et al., 1997) .
These analyses indicate that during silique development, the temporal and spatial patterns of CAC1, CAC2, CAC3, and accD mRNA accumulation are coordinately altered. This finding contrasts with earlier work finding that the accumulation of BCase, BCC, and ␣-CT subunit proteins does not maintain a strict stoichiometric ratio when the expression of the BCase is up-regulated or down-regulated in leaves of transgenic tobacco . The difference in the conclusions of these two studies may be due to differences in experimental systems and/or could reflect more complex layered regulatory mechanisms.
The quantitative analyses presented herein indicate that CAC2 mRNA accumulates to levels about 7-fold higher than the CAC1 and CAC3 mRNAs, and 15-fold higher than the accD mRNAs (accD-A plus accD-B) . If the stoichiometric ratio of these mRNAs reflects even in part the levels of the respective subunit proteins, the BCase subunit would be present in excess. Our data substantiate the suggestion of Shintani et al. (1997) that the BCase subunit accumulates in excess, and explains why a substantial decrease in the accumulation of the BCase subunit is required to bring about even a conditional phenotype in transgenic tobacco.
Our data indicate that during silique development, ACCase expression is regulated by mechanism(s) that coordinately affect the steady-state concentrations of each of the ACCase mRNAs. Reporter transgene analyses of the CAC2 (Bao et al. 1997) and CAC1 (Choi et al., 1997; J.-K. Choi and B. Nikolau, unpublished data) promoters implicate transcriptional regulation as an important mechanism that establishes the changing patterns in the accumulation of these mRNAs. Maintaining transcriptional coordination would require communication between the three nuclear ACCase subunit genes (CAC1, CAC2, and CAC3) and the plastidic subunit gene (accD). This communication, at least between the three nuclear genes, could be mediated by common trans-acting factor(s) that interact directly or indirectly with each of the three nuclear ACCase genes and coordinately regulate their transcription.
If there is a direct interaction between this hypothesized coordinating factor(s) and each nuclear ACCase gene, a binding site for the coordinating factor(s) would occur on all three nuclear ACCase genes and may be recognizable as a conserved nucleotide sequence motif. Indeed, the promoters of the CAC1 (Ke et al., 1997), CAC2 (Bao et al., 1997; Sun et al., 1997) , and CAC3 genes have several potential transcriptional regulatory motifs in common. These include: multiple E-boxes, which are important for light-and seed-specific expression (Stalberg et al., 1996) ; Gt1 consensus sequences, which are involved in light regulation (Zhou, 1999) ; and a motif that is common to promoters of napin genes of B. napus and binds nuclear protein(s), but has no established function (Ericson et al., 1991) . Detailed molecular studies are required to functionally identify whether one or more of these motifs provide binding sites for coordinating regulatory factor(s). That each ACCase subunit in Arabidopsis is probably coded by a single-copy gene provides a major advantage in using this species for investigating coordinating mechanisms of ACCase expression.
Mechanisms to explain the coordination between the nuclear (CAC1, CAC2, and CAC3) and the plastidic (accD) ACCase subunit genes involve additional complexities associated with two distinct subcellular genomes and two distinct subcellular compartments. The interplay between nuclear-and plastid-coded genetic information generates the wide variety of plastids that occur in different organs and tissues (e.g. chloroplasts, amyloplasts, etioplasts, chromoplasts, and oilseed plastids). Parallel to these developmentally induced changes in plastid morphology and function are concomitant changes in macromolecular composition. Most studies of plastid development have focused on chloroplasts, in particular using photosynthetic genes as molecular tools (Leon et al., 1998; Pyke, 1999) . Because the heteromeric ACCase accumulates in many plastid types, studies of its biogenesis can provide the means for elucidating the mechanisms of nuclear-plastid interactions that control the development of a variety of plastids. Specifi-
